In a series of (Ca 2-x/2-y Eu y x/2 )(Si 1-x P x )O 4 (x = 0.06, 0.02 ≤ y≤0.5), various color-emitting phosphors were successfully synthesized by a solid-state reaction. These phosphors were characterized by photoluminescence (PL) spectroscopy, X-ray powder diffractometry, transmission electron microscopy, and X-ray absorption fine structure spectroscopy. We evaluated the effect of heat treatment on PL properties with various annealing temperatures at 1373-1773 K for 4 h before/after reduction treatment from Eu 3+ to Eu 2+ . In the red-emitting (Ca 1.95 Eu 3+ 0.02 0.03 )(Si 0.94 P 0.06 )O 4+δ phosphor, the highest PL intensity exhibited when it was annealed at 1773 K. On the other hand, in the green-emitting (Ca 1.95 Eu 2+ 0.02 0.03 )(Si 0.94 P 0.06 )O 4 phosphor, the highest PL intensity was realized when it was annealed at 1473 K and consequently treated under a reductive atmosphere. With increasing annealing temperature, the emission peak wavelength steadily decreased. Furthermore, with increasing Eu 2+ content, the emission peak wavelength increased, with the color of emitting light becoming yellowish. Thus, the PL properties of the phosphors were affected by both the structural change from β to α' L , which occurred by heat treatment, and the amount of doped Eu ions.
Introduction
Rare-earth-doped dicalcium silicate (Ca 2 SiO 4 , C 2 S) phosphors have been investigated by several researchers for application to white light-emitting diodes (LEDs) [1] [2] [3] [4] [5] . Two types of phosphors have been reported so far: Eu 3+ -doped and Eu 2+ -doped C 2 S phosphors. The former phosphors are characterized by the emission of red light due to the transition of 5 D 0 -7 F 2 for the Eu 3+ ion [3] . Thus, the luminescence originates from the 4f-4f dipole transitions of the Eu 3+ ion, and hence the wavelength of the emission is almost the same among the various phosphors with different host materials. For example, a group of A 2 SiO 4 : Eu 3+ (A = Ca, Sr, Ba) phosphors showed similar emission spectra at around the maximum wavelength of 620 nm [4] . On the other hand, Eu 2+ -doped C 2 S phosphors are generally useful for a wide range of applications, because their luminescent colors, due to the f-d transition of the Eu 2+ ion, are tunable by the crystal structures and/or compositions of the host materials. Recently, a crystal-site engineering technique was reported, which enabled us to customize the luminescent colors of C 2 S:Eu 2+ phosphors [5] .
A series of structural studies of P-doped C 2 S crystals has demonstrated that the incorporation of P most effectively stabilized the high-temperature phases of C 2 S [6] . Hence, the authors present the idea of utilizing the P-doped C 2 S as the host material of Eu 2+ -activated phosphors. In a previous study, the relationship between the photoluminescence (PL) intensities and crystal structures of P-doped C 2 S phosphors was reported [7] . The doping of P ions in the green-emitting C 2 S:Eu 2+ phosphors were found to effectively increase the PL intensities. The polymorphs of C 2 S established are, in the order of increasing temperature, γ (orthorhombic), β (monoclinic), α' L (orthorhombic), α' H (orthorhombic), and α (trigonal) [8] . The phase transition temperatures are, during the heating process, 963 K for β to α' L , 1433 K for α' L to α' H , and 1698 K for α' H to α. The β to α' L phase transition of the cooling of doped C 2 S has been reported to be thermoelastic martensitic [9] , hence the stabilized phases at ambient temperature systematically changed from β, β+α' L to α' L with increasing concentrations of foreign ions such as Sr 2+ , Ba 2+ , and/or P 5+ in C 2 S [10, 11] . Thus, the change of crystal structures by heat treatment must be potentially able to improve the photoluminescence (PL) properties of the phosphors. In fact, we have succeeded in the further improvement of the PL intensities by the annealing of the green-emitting P-doped C 2 S phosphor [12] .
In the present study, we successfully synthesized P-doped C 2 S phosphors showing various emission colors (red, green, and yellow) by a solid-state reaction. The PL intensities were compared between the phosphors with different activators of Eu 3+ or Eu 2+ ions that were annealed at 1373-1773 K. We also discussed the relationship between the PL intensities and crystal structures.
Results and Discussion
2.1. Red-Emitting P-Doped C 2 S:Eu 3+ Phosphor
In a previous study, we prepared a series of (Ca 1.98-x/2 Eu 2+ 0.02 x/2 )(Si 1-x P x )O 4 (P-doped C 2 S:Eu 2+ ) phosphors with 0 ≤ x ≤ 0.20 (y = 0.02), and investigated the effect of P 5+ -ion doping on the PL properties. Here, the box in the chemical formula represents vacancies according to a previous paper [6] . The P-doped C 2 S:Eu 2+ phosphor with x = 0.06 exhibited the highest PL intensity among those with 0 ≤ x ≤ 0.20 [12] .
In the present study, we prepared the Eu 3+ -activated red-emitting phosphor with a chemical formula of (Ca 1.95 Eu 3+ 0.02 0.03 )(Si 0.94 P 0.06 )O 4+δ , and focused on the effect of annealing on its PL property. Figure 1 shows the X-ray diffraction (XRD) patterns of the red-emitting phosphor annealed at various temperatures from 1373 K to 1773 K for 4 h. With increasing annealing temperature, the relative amount of the α' L phase with respect to the β phase increased. This is caused by the phase transition from β to α' L during annealing. Figure 2 shows the emission and excitation spectra of the red-emitting phosphors annealed at 1373 K, 1573 K, and 1773 K. Red light emission of the Eu 3+ -activated phosphors were observed at an excitation wavelength of 394 nm due to the intraconfigurational 7 F 0 -5 L 6 transition. We observed the highest PL intensity for the specimen that was annealed at 1773 K. The sharp and strong emission peaks, induced by the transitions in the Eu 3+ ion, appeared at around 594 nm ( 5 D 0 -7 F 1 , magnetic-dipole), 625 nm ( 5 D 0 -7 F 2 , electric-dipole), and 706 nm ( 5 D 0 -7 F 4 , electric-dipole). We plotted the emission intensity at 594 nm (=I 594 nm) and that at 706 nm (=I 706 nm) with excitation by 394 nm in Figure 3 . The intensity ratios of I 706 nm/I 594 nm (= 5 D 0 -7 F 4 / 5 D 0 -7 F 1 ) with different annealing temperatures are also plotted in the figure. Both I 594 nm-and I 706 nm -values steadily increased with increasing annealing temperature, while there was no significant change in the intensity ratio of I 706 nm/I 594 nm. The electric-dipole transitions, which is the f-f transition from 5 D 0 to 7 F 2,4 , are, according to the theory of selection rule [13] , affected by the site symmetry of the crystal fields around the Eu 3+ ion. From the present results, the Eu 3+ ion would be in the same Ca site, although the site environment of the Eu 3+ ion must be changed from the β phase to the α' L phase. Interestingly, in our previous paper, bright red emission due to hypersensitive 5 
Green-Emitting P-Doped C2S:Eu 2+ Phosphor
The phase compositions of green-emitting (Ca1.95Eu 2+ 0.02□0.03)(Si0.94P0.06)O4 phosphors were, as shown in Figure 4 , different among those with different annealing temperatures. When comparing the phase compositions between the two types of phosphors, (Ca1.95Eu 2+ 0.02□0.03)(Si0.94P0.06)O4 and (Ca1.95Eu 3+ 0.02□0.03)(Si0.94P0.06)O4+ δ , at the same annealing temperatures, they were almost equal to each other. Figure 5 shows the relationship between the PL intensity and annealing temperature in greenemitting (Ca1.95Eu 2+ 0.02□0.03)(Si0.94P0.06)O4 phosphors. The broad excitation spectra were composed of the 
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Green-Yellow-Emitting P-Doped C2S Phosphor with a Large Amount of Eu 2+ Ions
In the formula of (Ca1.97-yEu 2+ y□0.03)(Si0.94P0.06)O4, the phosphors were synthesized with a large Eu 2+ content (y = 0.1, 0.3, and 0.5). Figure 9 shows XRD patterns of the phosphors that were annealed at 1473 K and consequently reduced under a 97% Ar-3% H2 reductive atmosphere. With increasing Eu content, it was obvious that the structural change occurred after the reduction process. Before the reduction treatment, the β and α'L phases, together with the Ca5(PO4)2(SiO4) phase, coexisted. However, after the reduction, the main constituent phase was the α'L phase. For the doping of Eu with a smaller amount, the phase compositions were almost the same between the phosphors before and after the reduction treatment, as shown in Figures 1 and 4 . Therefore, the phase compositions 2.3. Green-Yellow-Emitting P-Doped C 2 S Phosphor with a Large Amount of Eu 2+ Ions
In the formula of (Ca 1.97-y Eu 2+ y 0.03 )(Si 0.94 P 0.06 )O 4 , the phosphors were synthesized with a large Eu 2+ content (y = 0.1, 0.3, and 0.5). Figure 9 shows XRD patterns of the phosphors that were annealed at 1473 K and consequently reduced under a 97% Ar-3% H 2 reductive atmosphere. With increasing Eu content, it was obvious that the structural change occurred after the reduction process. Before the reduction treatment, the β and α' L phases, together with the Ca 5 (PO 4 ) 2 (SiO 4 ) phase, coexisted. However, after the reduction, the main constituent phase was the α' L phase. For the doping of Eu with a smaller amount, the phase compositions were almost the same between the phosphors before and after the reduction treatment, as shown in Figures 1 and 4 . Therefore, the phase compositions were effectively affected by the doping of a large amount of Eu 2+ , the ionic radius of which is larger than that of Eu 3+ . Figure 10 shows the PL intensities of phosphors with the Eu 2+ content of y = 0.02, 0.1, 0.3, and 0.5. With increasing Eu content, the PL intensity steadily decreased due to the effect of concentration quenching. The top peaks shifted to the longer wavelength sides; they are 512 nm with y = 0.02, 525 nm with y = 0.1, and 533 nm with y = 0.3. With the Eu 2+ content of y = 0.5, two peak-tops appeared at around 550 nm for one top and around 640 nm for the other. As described above, the emission peak wavelength decreased by the expansion of Eu-O bond lengths by the phase transition from β to α' L [18] . The emission color would change in accordance with the site preference of Eu 2+ ions between the distinct two sites of Ca(1n) and Ca(2n). Sato et al. reported that the emission color of Ca 2-x Eu x SiO 4 phosphor changed from green-yellow to deep-red with increasing Eu 2+ content [4] , which was closely related to the peculiar coordination environments of Eu 2+ in the two Ca sites of the host C 2 S [22] . which was closely related to the peculiar coordination environments of Eu 2+ in the two Ca sites of the host C2S [22] . 
Materials and Methods
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